A long period fiber grating (LPFG) sensor, useful for the detection of ultrasound is proposed and experimentally demonstrated. Some preliminary results are got that (indicate (the capability of the LPG sensor to successfully monitor ultrasound. The resonance wavelength of LPG is linearly related to the amplitude of the ultrasonic wave, and the frequency and duration of the ultrasonic wave hardly change the resonance wavelength. Experimental results showed that LPFG sensors could be applied to determine the corresponding parameters of ultrasonic field (by demodulating the shift of the resonant band of the LPFG.
Introduction
Ultrasound is a vibration with a frequency greater than the upper limit of human (hearing which is approximately 20 kilohertz (20,000 hertz). The production of ultrasound is used in many different fields, typically to penetrate a medium and measure the reflection signature or supply focused energy. The reflection signature can reveal details about the inner structure of the medium.
In conventional ultrasonic inspection, piezoelectric devices as ultrasonic transmitters and sensors have been used to detect ultrasound [1] [2] [3] . However, the piezoelectric sensors have a serious drawback of electromagnetic interference, thus they cannot be used in inflammable atmosphere. Optical techniques appear to offer some advantages, such as small size lightweight, anti electromagnetic interference, corrosion resistance, all-dielectric construction and so on. Fiber-optic sensors have been expected to be a valuable alternative that can detect ultrasound.
Rosenthal et al. [4] have developed a sensor (based on a pi-phase-shifted fiber Bragg grating for the measurement of wideband ultrasonic fields. Wild and Hinckley [5] have proposed the spatial performance of a Fiber Bragg Grating (FBG) sensor to continuous-wave acousto-ultrasonic (AU) signals. Okabe [6] applied fiber Bragg gratings to ultrasonic structural health monitoring (SHM) of composite structures. By now, there has been little report on investigation of ultrasound detection by using Long Period Fiber Grating (LPFG). It (has received much attention in recent years due to it's (applications in optical fiber communication and sensing. LPFG presents great sensitivity to environmental parameters without chemical etching of the optical fiber cladding, so it means a lot to make a research of LPFG response to ultrasonic fields. The purpose of the (study in this paper is to examine the feasibility of LPFG sensors to detect Ultrasound.
Principle
LPFG is mode-coupling device which couples light from the core of a single mode optical fiber into the cladding, providing distinct attenuation bands in the fiber transmission. In general, a LPFG may be created by introducing a periodic refractive index modulation in the fiber core by exposing it to intense modulated radiation that is absorbed by the fiber.
In the LPFG, the incident core mode is coupled resonantly to a cladding mode by a periodic perturbation whose pitch equals the beat length between the two modes. Phase matching between the mode propagating in the core of the fiber and a forward-propagating cladding mode is achieved, according to the couple mode theory [7] , where the phase matching condition is as follows
where i λ is resonant wavelength of grating, Λ is the grating period, core n and , i clad n are the effective refractive indexes of the fundamental core mode and the ith cladding mode, respectively.
It can be considered as a series of compression and expansion on (the material when the (ultrasonic wave propagates in the material. Strain field is modeled by a longitudinal strain wave propagating along the fiber axis. In addition, the time dependence is assumed to be sinusoidal and can be expressed as:
where m ε donates the strain amplitude, s ω is its angular frequency, z is sound path. s λ is the wavelength and 2 / s π λ is wave number. In liquid medium, only longitudinal wave can be (propagated. The inherent sensitivity of the mode-coupling to small perturbations in the core and cladding modes makes the magnitude and center wavelength of the LPFG attenuation bands highly sensitive to ultrasound. The influence of the ultrasonic wave on the LPFG has two aspects, The first one is a mechanical effect, due to the modulation of the grating pitch under the strain wave, the second one is an optical (effect due to the change in refractive via the elasto-optic effect. All will lead to the change of LPFG spectrum, which can be used to detect ultrasonic wave.
Experiment Results
The experimental setup along with related electronics is shown in Figure 1 . It is divided into two parts, one is ultrasonic wave generation, another is the ultrasonic wave detection . The devices to produce ultrasonic wave consist of a piezoelectric ultrasonic transducer (PZT), a function generator and a power amplifier. A function amplifier is set to drive the transducer in the through-transmission mode, the (oscillating signal which amplified by a function amplifier is produced by a function generator. The temperature is maintained at 25 degree. The transducer and the LPFG are placed inside a tank filled with water. The transducer is held stationary in the tank. In order to avoid the LPFG sensor shift during the inspection, the LPFG is glued to an adjuster with adhesive. Because the ultrasonic transducer's working voltage in air cannot be set too high (below 20v). In order to increase the power of ultrasonic transducer output, the transducer and the LPFG are put in water. The LPFG is immersed in water at a distance of 4 cm from a PZT connected to a pulse generator. It can be seen in Figure 2 , after the ultrasonic wave acting on the LPFG in water, the transmission spectrum of LPFG was altered, the central wavelength of its attenuation band shifted to longer wavelength and then the amplitude of attenuation band was decreased.
The frequency of ultrasonic wave was set 30K, and the input voltage of (PZT was increased from 20V to 120V (with 20V increment every time and each voltage lasted for half an hour. As shown in Figure 3 , when the voltage of Function Amplifier was changed, the spectrum of the LPFG was also altered. With increasing voltage, the central wavelength of attenuation band shifted to longer wavelength. Experimental data points could be fitted by using polynomial regression. When the voltage increased, the amplitude of LPFG's attenuation band was deceased gradually, while the (relation between the central wavelength of attenuation band and the voltage acts on it was approximately linear.
The transducer voltage was set 30V, the ultrasonic frequency was fixed 30K, the spectrum was measured every 15 minutes, we can see from Figure 5 that the central wavelength remained unchanged, but the (amplitude of LPFG's attenuation band decreased. When the transducer voltage was set 30V, the ultrasonic frequency was changed from 25K, 30K, 50K, 100 K, 500 K to 1000 K. Each frequency lasted for half an hour. As it can be seen from Figure  6 , with the increase of frequency, wavelength remained unchanged, while the amplitude of attenuation band is decreased.
According to figure 6, as time went by, the amplitude of attenuation band was reduced. Considering the factor of time, such a conclusion can be drawn, with the change of ultrasounds frequency, LPFG's central wavelength and amplitude of attenuation band remain (unchanged).
Conclusions
The change of ultrasonic time, voltage, frequency (will result in the change of LPFG's spectrum in actual industrial measurements. Because the LPFG (has high sensitivity to bend, and the effect of ultrasonic wave will bring about the micro bending on (LPFG, thus (the corresponding modulation on LPFG refractive index is made and (the LPFG's transmission spectrum is changed. Thus with LPFG sensor system, ultrasound can be detected.
The voltage, frequency and duration of ultrasonic waves were changed respectively to study the influence to LPFG's central wavelength and amplitude of attenuation band in this paper. The experimental results are got (that ultrasound's amplitude is proportional to (LPFG's wavelength and the frequency and duration of ultrasonic waves have little impact on the wavelength. Therefore, the ultrasound parameters can be obtained by observing the long period grating wavelengths' shift.
Ultrasonic inspection has extensively been conducted in structural health monitoring. Damage in structures affects propagation of ultrasonic wave. Thus, the presence of damage can be identified when the detected ultrasonic signal deviates from the reference signal of undamaged structure. Fiber-optic sensors that are immune to electromagnetic interference have been expected to be an alternative ultrasonic sensor.
